ABSTRACT The purpose of this study was to examine the relationship between maximal 02 uptake (VO2max) and left ventricular systolic function in patients with coronary artery disease. We studied 27 patients, age 50 10 years (mean + SD), who were asymptomatic and able to attain true VO2max. VO2max was defined by the leveling-off criterion and/or a respiratory exchange ratio of 1.15 or greater. Left ventricular ejection fraction was determined, by gated cardiac blood pool imaging. In patients whose ejection fraction decreased with exercise, VO2max was 21 + 4 vs 27 + 4 ml/kg/min in those whose ejection fraction increased (p < .001). Systolic blood pressure/end-systolic volume relation was shifted upward and to the right in the former group in response to peak exercise. In contrast, the pressure-volume relation was shifted upward and to the left in patients whose ejection fraction increased with exercise. Ejection fraction at rest did not correlate with VO2max. There was a significant but weak correlation between peak exercise ejection fraction and VO2max (r .43, p < .025). Left ventricular exercise reserve, i.e., the change in ejection fraction from rest to exercise, correlated with VO2max (r .77, p < .0002), maximal 02 pulse (r = .50, p < .005), and maximal heart rate during treadmill exercise (r = .61, p < .001). Maximal heart rate during treadmill exercise correlated with VO2max (r = .70, p < .0002). These data suggest that impaired left ventricular function can limit VO2max and that maximal heart rate and left ventricular exercise reserve are among the variables affecting VO2max in patients with coronary artery disease who are not limited by angina. Circulation 70, No. 4, 552-560, 1984. MAXIMAL 02 uptake capacity (VO2max), the best available objective measure of aerobic exercise capacity, 1 is generally lower in patients with coronary artery disease than in age-matched healthy subjects. 
ventricular function in patients with heart failure may not necessarily result in increased maximal exercise capacity. 9 This would imply that left ventricular contractile function has little if any effect on maximal exercise capacity in cardiac patients. However, since VO max is sensitive to changes in cardiac output'0 and left ventricular contractile function is one of the major determinants regulating cardiac output during maximal exercise,"l our hypothesis was that changes in left ventricular ejection fraction should influence VO2max. To test this hypothesis, we believed it was imperative to use true VO2max rather than peak VOX as a marker of maximal aerobic exercise capacity because, unlike peak V07, VO2max is not affected by subjects' motivation. Therefore, in this study we examined the effect of left ventricular systolic function on maximal aerobic exercise capacity in patients with coronary artery disease who were able to attain true VO2max. criteria were selected from among 67 patients with coronary artery disease. Since the purpose of this study was specifically to assess the relationship between 'VO2max and left ventricular ejection fraction, only those patients who were able to reach true VO2max were selected. VO2max was defined as (1) attainment of a plateau of V02 (<100 ml/min change in V02) despite an increase in work rate and/or (2) a respiratory exchange ratio of 1. 15 or greater, indicating marked hyperventilation. 12 Furthermore, only those patients who were able to exercise to maximum in the recumbent position, defined as achieving (1) at least 80% of the maximal heart rate recorded during treadmill test and/or (2) 95% or greater of the measured maximal treadmill rate pressure product, were included. The rationale for choosing 80% of maximum heart rate was that the maximum possible 02 uptake during supine bicycle ergometer exercise is generally less than 80% of the true VO,max even in healthy subjects. '3 This was confirmed by V02 measurements made during supine bicycle ergometer exercise tests in a separate group of six patients with ischemic heart disease. The maximal attainable V02 for the bicycle exercise test averaged 77 ± 9% of VO2max.
Myocardial 02 consumption (MV02), however, was unlikely to be lower during supine bicycle exercise than treadmill exercise as reflected by the values for rate pressure product (table 1, figure 1 ). All patients gave written informed consent. The study protocol has been reviewed and approved by the Human Studies Committee of Washington University School of Medicine.
The clinical characteristics of the patients are summarized in table 1. All patients had prior myocardial infarctions. The interval between myocardial infarction and study was at least 3 months (table 1) . Of the 15 patients who underwent coronary arteriography, six had single-vessel disease, three had doublevessel disease, and six had triple-vessel disease. Although three patients had previous histories of angina, none was limited by angina during maximal exercise tests and all were able to attain true MO2max.
Ten of 27 patients were taking propranolol with a total daily dose averaging 109 + 83 mg/day (table 1) . Three patients were on nadolol, three on timolol, and one on atenolol (table 1). All exercise tests were performed 4 to 6 hr after the last dose of a ,Bblocking drug. We did not discontinue fl-blockade therapy before exercise tests because we believed it would not be justified or safe to subject the patients to strenuous exercise necessary to elicit true VO2max (respiratory exchange ratio = 1.27 ± 0. 10) after withdrawal of propranolol.
Treadmill exercise test and M02max. The exercise testing was performed on a motor-driven treadmill (Quinton Instruments, Seattle). Initially each subject underwent a maximal exercise treadmill test according to the Bruce protocol. 14 
Results
Heart rate and blood pressure responses to exercise. The highest heart rate recorded during supine bicycle ergometer exercise was lower than that obtained at maximal treadmill exercise, averaging 89 + 9C/c of maximal heart rate during treadmill exercise (table 2, figure 1 ). SBP was, however, significantly higher with bicycle ergometer exercise than with treadmill exercise (figure 1). The rate pressure product attained with bicycle ergometer exercise was higher than that with treadmill exercise, averaging 1 13 6% of maximal rate pressure product during treadmill exercise (table 2, figure 1). A EF FIGURE 7 . Left ventricular exercise reserve (AEF) correlated modestly but significantly with maximal heart rate during treadmill exercise (HRRmax; r = .61, p < .001).
with VO2max (r = .08, p = NS). Left ventricular exercise reserve correlated with VO2max (V09 = 0.67 x AEF + 23.5; r = .77, p < .0002; figure 5 ). There was also a significant correlation between ASBP/ESV and VO2max(VO2max = 2.98 X ASBP/ESV + 21.6; r = .67, p < .001; figure 6 ). Maximal 02 pulse correlated with left ventricular exercise reserve (r = .50, p < .005). There was a significant correlation between left ventricular exercise reserve and the highest heart rate attained during maximal treadmill exercise (r = .61, p < .001; figure 7 ). Furthermore, there was a good correlation between maximal heart rate during treadmill exercise and VOmax (r = .70, p < .0002). Endurance time during maximal treadmill exercise test (Bruce protocol Stepwise multiple regression analysis showed that among the variables considered, AEF and maximal treadmill heart rate were the two best variables to predict VO2max in these patients (p = .0025 and p = .037, respectively; r2 = .60). Addition of more variables did not improve the predictive power and raised the r2 value only marginally (from .60 to .61).
Discussion
Our findings provide evidence that left ventricular contractile function can significantly influence VOmax in patients with coronary artery disease who do not experience angina. This effect is most likely mediated by the changes in maximal stroke volume, which in turn can affect V02max. Patients whose left ventricular contractile function is abnormal during exercise are likely to have a significantly reduced maximal exercise capacity as evidenced by lower VO2max, maximal 02 pulse, and exercise duration (Bruce protocol). In the patients who exhibited a fall in ejection fraction with exercise, VO2max was approximately 22% lower than that in patients whose ejection fraction increased with exercise.
The fall in ejection fraction during exercise may be caused by the following changes during exercise: (1) an inadequate rise in stroke volume with an inappropriately large end-diastolic volume, (2) resting level and a small but statistically insignificant increase in end-diastolic volume.
The lower V02max observed in the patients whose ejection fraction fell during exercise may be, in part, mediated by a lower arteriovenous 02 difference. However, since none of the patients had congestive heart failure or engaged in regular exercise training, it is unlikely that a difference in 02 extracting capacity of skeletal muscles was primarily responsible for the differences observed in the V02max values. It is likely that central circulatory mechanisms directly affecting cardiac output played a major role in lowering V02max in patients with abnormal left ventricular exercise reserve as suggested by the differences in the relationship, in response to exercise, between SBP and ESV, and between end-diastolic volume and stroke volume in the two groups. In comparison with the resting state, it appears that left ventricular contractile state was increased at peak exercise in both groups as reflected by a large increase in SBP with only a small change in ESV. However, the SBP-ESV relation showed clear differences in response to peak exercise between the two groups. Patients with abnormal left ventricular exercise reserve exhibited a large increase in SBP with a modest increase in ESV, shifting the pressure-volume relation upward and to the right. This group showed no increase in stroke volume at peak exercise. In contrast, the group whose left ventricular exercise reserve was normal demonstrated a comparable increase in SBP but a slight decrease in ESV shifting the pressure-volume relation upward and to the left, suggestive of a better global left ventricular contractile function than the other group.'9 Furthermore, these patients showed an increase in stroke volume at peak exercise even though the changes in preload were similar to those in patients with abnormal left ventricular exercise reserve.
Ejection fraction is influenced by contractile state, afterload,20 and to some extent by large variations in preload.2' It is unlikely, however, that the loading conditions could have accounted for differences in the ejection fraction response to peak exercise because SBP and end-diastolic volume, two major determinants of left ventricular wall tension, were not significantly different between the two groups. Therefore an abrupt decrease in ejection fraction is consistent with some degree of impairment in left ventricular function. Differences in the response of the SBP-ESV relations to peak exercise in the two groups support this conclusion, since the end-systolic pressure-volume relation is independent of the loading conditions. '9 22 Ejection fraction response to exercise may deteriorate with advancing age, presumably due to the aging process and independent of disease. PATHOPHYSIOLOGY AND NATURAL HISTORY-EXERCISE TESTING used as an index of maximal exercise capacity.6-5 Our findings indicate that although exercise duration correlated with changes in ejection fraction, the correlation was far better between V02max and left ventricular exercise reserve. In addition, some investigators have included patients with angina who are unable to reach their true V02max' or have studied patients with severe left ventricular dysfunction at rest.it 28, 29 Others have used bicycle ergometer exercise tests for measurement of V02max,29 which is not likely to produce true V02max'3' 27 because of the smaller muscle mass used during bicycle exercise compared with treadmill exercise.
Our findings suggest that maximal chronotropic response and left ventricular exercise reserve are among the variables that influence true V02max in patients with ischemic heart disease. The effect of left ventricular exercise reserve on V02max would have to be indirect and dependent on its influence on stroke volume and heart rate at maximal exercise. The reason for a better correlation between V02max and lAEF than that between V02max and peak exercise ejection fraction is not clear. It is possible, however, that since V02max is also influenced by end-diastolic volume, heart rate, and arteriovenous 02 difference, compensatory mechanisms altering one or more of these variables could have blunted the effect of peak exercise ejection fraction on true V02max causing a weak association. On the other hand, it appears likely that left ventricular exercise reserve is less affected by these compensatory mechanisms. For example, when there is a decrease in ejection fraction with exercise caused by myocardial ischemia, compensatory mechanisms are probably no longer sufficient to maintain cardiac output and thereby 02 uptake capacity at the expected normal level. 
